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The production of J=ψ mesons in jets is studied in the forward region of proton-proton collisions using
data collected with the LHCb detector at a center-of-mass energy of 13 TeV. The fraction of the jet
transverse momentum carried by the J=ψ meson, zðJ=ψÞ≡ pTðJ=ψÞ=pTðjetÞ, is measured using jets with
pTðjetÞ > 20 GeV in the pseudorapidity range 2.5 < ηðjetÞ < 4.0. The observed zðJ=ψÞ distribution for
J=ψ mesons produced in b-hadron decays is consistent with expectations. However, the results for prompt
J=ψ production do not agree with predictions based on fixed-order nonrelativistic QCD. This is the first
measurement of the pT fraction carried by prompt J=ψ mesons in jets at any experiment.
DOI: 10.1103/PhysRevLett.118.192001
The production of J=ψ mesons in hadron-hadron colli-
sions occurs at the transition between the perturbative and
nonperturbative regimes of quantum chromodynamics
(QCD), resulting in a rich phenomenology that is yet to
be fully understood. Differential J=ψ production cross
sections measured at both the Tevatron [1,2] and the
LHC [3–9] can be described using the nonrelativistic
QCD (NRQCD) [10–12] effective field theory approach.
However, many NRQCD-based calculations [13–15] pre-
dict a large degree of transverse polarization, whereas
minimal polarization is observed in data [16–19]. This
discrepancy indicates that further studies are needed to gain
a better understanding of J=ψ production.
Quarkonium production is often used as a probe of QCD
phenomenology [20]. In proton-lead (pPb) collisions, J=ψ
production is used to study cold-nuclear-matter effects such
as parton shadowing and nuclear absorption [21–23], while
hadron melting in the quark-gluon plasma is investigated
using J=ψ production in PbPb collisions [24–26]. Double-
J=ψ production is used to measure the effective cross
section for double parton scattering [27–31], which is
commonly assumed to be universal for all processes. If
the prevailing picture of J=ψ meson production directly in
parton-parton scattering is not valid, then many quarko-
nium-production results may need to be reinterpreted.
Another striking, yet untested, prediction of the direct-
production paradigm is that J=ψ mesons are largely
produced isolated, except for any soft gluonic radiation
emitted by the cc¯ state and potentially some particles from
the underlying hadron-hadron collision. An alternative to
the standard approach, which is also based on NRQCD, is
the calculation of J=ψ meson production within jets using
either analytic resummation [32] or the parton shower of a
Monte Carlo event generator [33]. Quarkonium production
in the parton shower, which can explain the lack of
observed polarization [34], predicts that J=ψ mesons are
rarely produced in isolation. Consequently, it is of great
interest to study the radiation produced in association
with quarkonium states, e.g., J=ψ mesons in jets, to
distinguish between these two different pictures of quar-
konium production.
This Letter reports a study of J=ψ mesons produced in
jets in the forward region of pp collisions. The fraction of
the jet transverse momentum carried by the J=ψ meson,
zðJ=ψÞ≡ pTðJ=ψÞ=pTðjetÞ, is measured for J=ψ mesons
produced promptly and for those produced in b-hadron
decays. The data sample corresponds to an integrated
luminosity of 1.4 fb−1 collected at a center-of-mass energy
of
ﬃﬃ
s
p ¼ 13 TeV with the LHCb detector in 2016. Only
events containing exactly one reconstructed pp collision
are used as these provide the best resolution on pTðjetÞ. The
analysis is performed using jets clustered with the anti-kT
algorithm [35] using a distance parameter R ¼ 0.5 and
within the following kinematic fiducial region: jets are
required to have pTðjetÞ > 20 GeV (c ¼ 1 throughout this
Letter) in the pseudorapidity range 2.5 < ηðjetÞ < 4.0; J=ψ
mesons, which are reconstructed using the J=ψ → μþμ−
decay, must satisfy 2.0 < ηðJ=ψÞ < 4.5; and muons are
required to have pTðμÞ > 0.5 GeV, pðμÞ > 5 GeV, and
2.0 < ηðμÞ < 4.5. No requirements are placed on the
multiplicity of jets per event or particles per jet, so that
jets consisting of only a J=ψ candidate are allowed. This is
the first measurement of zðJ=ψÞ in prompt J=ψ production
at any experiment.
The LHCb detector is a single-arm forward spectrometer
covering the range 2 < η < 5, described in detail in
Refs. [36,37]. Simulated data samples are used to evaluate
the muon reconstruction efficiency, the detector response
for jet reconstruction, and to validate the analysis. In the
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simulation, pp collisions are generated using PYTHIA8 [38]
with a specific LHCb configuration [39]. Decays of
hadronic particles are described by EVTGEN [40], in which
final-state radiation is generated using PHOTOS [41]. The
interaction of the generated particles with the detector, and
its response, are implemented using the GEANT4 toolkit
[42] as described in Ref. [43].
The online event selection is performed by a trigger [44],
which consists of a hardware stage using information from
the calorimeter and muon systems, followed by a software
stage, which performs the J=ψ candidate reconstruction.
The hardware stage selects events with at least one dimuon
candidate with
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
pTðμþÞpTðμ−Þ
p
greater than a threshold
that varied between 1.3 and 1.5 GeV during the 2016 data
taking. In the software stage, two muon candidates with
pTðμÞ > 0.5 GeV are required to form a J=ψ candidate
whose invariant mass is within 150 MeVof the known J=ψ
mass [45]. Additional selection criteria are applied offline
to the J=ψ candidates: the tracks are required to satisfy
stringent muon-identification criteria; and the muon and
J=ψ candidates are required to be within the fiducial region
of this analysis, where the detector is well understood.
A new data-taking scheme was introduced by LHCb in
2015 that enables offline-like performance in the online
system. The alignment and calibration are performed in
near real time [46] and are available in the trigger
reconstruction [47]. Furthermore, an increase in the online
CPU resources makes it possible to run the offline track
reconstruction in the online system. This analysis is based
on a data sample where all online-reconstructed particles in
the event are stored, but most lower-level information is
discarded, greatly reducing the event size. This data-storage
strategy makes it possible to record all events containing a
J=ψ candidate without placing any requirements on
pTðJ=ψÞ, or on the displacement of the J=ψ decay from
the primary vertex (PV).
Jet reconstruction is performed offline on this data
sample by clustering the J=ψ candidates with charged
and neutral particle-flow candidates [48], all reconstructed
online, using the anti-kT clustering algorithm as imple-
mented in FASTJET [49]. This is the first LHCb analysis to
use online-reconstructed particles that were not involved in
the trigger decision. The J=ψ candidates, rather than their
component muons, are used in the clustering to prevent
muons from a single J=ψ decay being clustered into
separate jets. Reconstructed jets with pTðjetÞ > 15 GeV
and 2.5 < ηðjetÞ < 4.0 are kept for further analysis, where
jets in the pTðjetÞ range 15–20 GeV are retained for use in
unfolding the detector response. The ηðjetÞ requirement,
which is included in the fiducial region definition, ensures
a nearly uniform resolution of 20%–25% on the pT of the
non-J=ψ component of the jet, with minimal pT depend-
ence above 10 GeV. This is similar to the resolution
achieved on data events [48] when using offline
reconstruction for pT below 20 GeV, but worse at higher
pT where the resolution in such events is about 15%. This
degradation arises largely because calorimeter information
not associated with particle-flow candidates is not stored in
this data sample.
The jet momenta are not corrected for reconstruction bias.
Instead, the effect of the detector response on the zðJ=ψÞ
distributions is removed using an unfolding procedure. This
involves first determining the reconstructed J=ψ yields in
bins of ½zðJ=ψÞ; pTðjetÞ, then correcting them for detection
efficiency. Bin migration, which occurs largely due to the
resolution on the non-J=ψ component of the jet, is accounted
for by unfolding the ½zðJ=ψÞ; pTðjetÞ distributions of
corrected J=ψ yields using an iterative Bayesian procedure
]50,51 ] (see the Supplemental Material [52] for a detailed
discussion of the unfolding). Finally, the unfolded
½zðJ=ψÞ; pTðjetÞ distributions are integrated for pTðjetÞ >
20 GeV to produce the measured zðJ=ψÞ spectra. The
binning scheme employs ten equal-width zðJ=ψÞ bins,
and three pTðjetÞ bins of 15–20, 20–30, and > 30 GeV.
The yield of J=ψ → μþμ− decays reconstructed in each
½zðJ=ψÞ; pTðjetÞ bin, which includes J=ψ mesons pro-
duced promptly and in b-hadron decays, is determined
from an unbinned maximum likelihood fit to the corre-
sponding dimuon invariant-mass distribution. The signal
component is modeled as the sum of two Crystal Ball
functions [53] that share all shape parameters except the
width. The combinatorial background is described by an
exponential function. Both the signal and background
shapes are allowed to vary in each bin independently.
An example of the invariant-mass distribution from one
½zðJ=ψÞ; pTðjetÞ bin is shown in Fig. 1 along with the fit
result. The total J=ψ signal yield in the data sample is
almost 2 × 106.
The fraction of J=ψ mesons that originates from b-hadron
decays is determined by fitting the distribution of the pseudo-
decay-time ~t≡ λmðJ=ψÞ=pLðJ=ψÞ, where λ denotes the
difference in position along the beam axis between the
J=ψ decay and primary vertices, mðJ=ψÞ is the known J=ψ
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FIG. 1. Example dimuon invariant-mass distribution with the
fit result superimposed from the bin ½0.4 < zðJ=ψÞ < 0.5;
20 < pTðjetÞ < 30 GeV. The signal is modeled as the sum of
two Crystal Ball functions, while the background is described by
an exponential function.
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mass [45], and pLðJ=ψÞ is the component of the J=ψ
momentum longitudinal to the beam axis. Only candidates
with j~tj < 10 ps, corresponding to about seven b-hadron
lifetimes, and amass consistentwith the known J=ψ mass are
used in these unbinned maximum likelihood fits. The ~t
distribution from one ½zðJ=ψÞ; pTðjetÞ bin is shown in
Fig. 2. The prompt-J=ψ component is modeled by a Dirac
δ function, while the b-hadron component is modeled by an
exponential decay function with a variable lifetime param-
eter; both are convolved with a double-Gaussian resolution
function. A long and nearly symmetric tail in the ~t distribu-
tion arises due to J=ψ candidates produced in additional pp
collisions that are not reconstructed. The shape of this
component, the contribution of which is found to be
Oð0.1%Þ in all bins, is modeled by constructing the
distribution with ~t calculated using J=ψ and PV candidates
from different data events. Finally, the shape of the non-J=ψ
component in each bin is parametrized using an empirical
function obtained from a fit to the ~t distribution observed in
themðμþμ−Þ sidebands,while its normalization is fixed from
the mðμþμ−Þ fit in the bin. The fraction of J=ψ mesons that
are produced in b-hadron decays is determined to be in the
range 20%–60%, depending on the ½zðJ=ψÞ; pTðjetÞ bin.
The J=ψ yields are corrected for detection efficiency by
applying per-candidate weights of ε−1tot , where εtot is the total
detection efficiency determined as the product of the
reconstruction, selection, and trigger efficiencies. The
use of per-candidate weights within a fiducial region where
the efficiency is nonzero throughout produces accurate
efficiency-corrected yields without requiring knowledge of
the J=ψ → μþμ− angular distribution or, equivalently, the
J=ψ polarization. The weights, which are similar for nearly
all candidates, are rarely greater than 5 and never greater
than 20. Consequently, there is negligible impact on the
statistical variance due to the use of weighted candidates,
since the vast majority of events in each ½zðJ=ψÞ; pTðjetÞ
bin contribute nearly equally.
The muon reconstruction efficiency is obtained from
simulation in bins of ½pðμÞ; ηðμÞ. Scale factors that correct
for discrepancies between the data and simulation are
determined using a data-driven tag-and-probe approach
on an independent sample of J=ψ → μþμ− decays [54].
A small pTðJ=ψÞ-dependent correction is applied to the
yields of J=ψ mesons produced in b-hadron decays to
account for a drop in the efficiency at large b-hadron flight
distances. Within the fiducial region of this analysis, the
J=ψ reconstruction efficiency is on average about 90%.
The dominant contribution to the selection inefficiency is
from the muon-identification performance, which is mea-
sured in bins of ½pTðμÞ; ηðμÞ using a highly pure calibra-
tion data sample of J=ψ → μþμ− decays. The efficiency
of selecting a reconstructed J=ψ candidate varies from
80% for zðJ=ψÞ ≲ 0.1 to nearly 100% for zðJ=ψÞ ≳ 0.5.
The trigger efficiency is measured in bins of
½ ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃpTðμþÞpTðμ−Þ
p
; ηðJ=ψÞ using a subset of this J=ψ
calibration sample. Events selected by the hardware trigger
independently of the J=ψ candidate, e.g., due to the
presence of a high-pT hadron, are used to determine the
trigger efficiency directly from the data. The fraction of
J=ψ candidates in each ½ ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃpTðμþÞpTðμ−Þ
p
; ηðJ=ψÞ bin that
are selected by the dimuon hardware trigger gives the
efficiency, which is about 40% on average for zðJ=ψÞ≲ 0.1
and 80% for zðJ=ψÞ ≳ 0.5.
The effects of ½zðJ=ψÞ; pTðjetÞ bin migration, which are
predominantly due to the detector response to the non-J=ψ
component of the jet, are corrected for using an unfolding
technique [50–52]. The detector-response matrices for J=ψ
mesons produced promptly and in b-hadron decays are
dissimilar for two reasons: the pT -dependent particle
multiplicities are different, and the undetected momentum
carried by K0 and Λ particles is, on average, larger for jets
that contain a b-hadron decay. The pTðjetÞ -dependent
mean and width of the reconstructed particle multiplicity
distributions for jets in simulation are adjusted to match
those observed in data. The detector response is studied
using the pT -balance distribution of pTðjetÞ=pTðZÞ in
nearly back-to-back Z þ jet events using the same data-
driven technique as in Ref. [48]. Small adjustments are
applied to the pTðjetÞ scale and resolution in simulation
obtaining the best agreement with data. The unfolding
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FIG. 2. Example pseudo-decay-time distribution from the same bin as in Fig. 1 with the fit result superimposed. The right plot shows
the ½−0.2; 1 ps region on a linear scale.
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matrix for jets that contain a prompt J=ψ meson is shown in
Fig. 3, while the corresponding matrix for b-hadron
production is provided in the Supplemental Material [52].
Systematic uncertainties on the zðJ=ψÞ distributions
apply to both the prompt and b-hadron production modes.
Uncertainty on the J=ψ yields arises from the efficiency
corrections and from possible mismodeling of the compo-
nents in the invariant-mass and pseudo-decay-time fits. The
uncertainty on each component of the total efficiency is
assessed by repeating the data-driven efficiency studies on
simulated events, where the difference between the true
and efficiency-corrected J=ψ yields in bins of ½pTðJ=ψÞ;
ηðJ=ψÞ is used to determine the systematic uncertainty.
The relative uncertainty on the reconstruction efficiency is
determined to be 2%, which includes the unknown J=ψ
polarization. The relative uncertainties on the trigger and
selection efficiencies are in the ranges 2%–5% and 0%–2%,
respectively, depending on the ½zðJ=ψÞ; pTðjetÞ bin.
The uncertainty on the total J=ψ yield obtained from the
invariant-mass fits (1%) is studied by replacing the nominal
signal and background models with single Crystal Ball and
quadratic functions, respectively. The relative uncertainty
on the fraction of J=ψ mesons produced in b-hadron decays
(1%) is determined by comparing the fit results obtained
from simulated ~t distributions to the true fractions. Potential
mismodeling of the non-J=ψ and wrong-PV components is
found to contribute negligible uncertainty. The total relative
uncertainty on the J=ψ yields is 3%–6% depending on
the ½zðJ=ψÞ; pTðjetÞ bin, which corresponds to a bin-
dependent absolute uncertainty on zðJ=ψÞ of 0.001–0.005.
The uncertainty associated with the detector response to
the non-J=ψ component of the jet is studied by building
alternative unfolding matrices, where the pT scale and
resolution are varied within the uncertainties obtained
from the data-driven pT -balance study of Z þ jet events.
The data are unfolded using these alternative matrices, with
the differences in the zðJ=ψÞ distribution used to assign
zðJ=ψÞ -dependent absolute uncertainties of 0.001–0.014.
The pTðjetÞ and zðJ=ψÞ spectra used to generate the
unfolding matrices, along with the unfolding procedure
itself, are also potential sources of uncertainty. These are
studied by simulating data samples similar to the exper-
imental data, then unfolding them using response matrices
constructed from pTðjetÞ and zðJ=ψÞ distributions that are
different from those used to generate the samples. Based on
these studies, an uncertainty of 0.01 is assigned to each
zðJ=ψÞ bin due to unfolding. Finally, the uncertainties
due to the fragmentation model and due to the K0 and Λ
components of the jet are found to be negligible. The total
absolute systematic uncertainty in each zðJ=ψÞ bin, which
dominates over the statistical one, is 0.010–0.015.
The measured normalized zðJ=ψÞ distributions for J=ψ
mesons produced promptly and for those produced in
b-hadron decays are shown in Fig. 4 (the numerical values
are provided inRef. [52]). Theb-hadron results are consistent
with the PYTHIA8 prediction [52], where the uncertainty
shown is due tob-quark fragmentation [55,56] (other sources
of uncertainty are ignored [52]). The prompt-J=ψ results do
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not agree with the leading-order (LO) NRQCD-based
prediction as implemented in PYTHIA8, which includes both
color-octet and color-singlet mechanisms using long-
distance matrix elements determined empirically [52]. At
small zðJ=ψÞ, PYTHIA8 predicts thatmostpTðjetÞ arises from
a parton-parton scatter other than the one that produced the
J=ψ meson. The dominant source of uncertainty on the
prompt-J=ψ prediction at large zðJ=ψÞ is due to the under-
lying event; however, since no rigorous method exists for
determining this uncertainty, no uncertainty is assigned to the
prediction. Given that the underlying event at LHCb is well
described by PYTHIA8, e.g., the energy flow is accurately
predicted at the 5% level [57], the prompt-J=ψ results cannot
be reconciled with this prediction. Furthermore, LO and
partial next-to-leading-order (NLO*) calculations in both the
color-singlet and color-octet models similarly fail to describe
the data [52,58].
Prompt J=ψ mesons in data are observed to be much less
isolated than predicted, which qualitatively agrees with the
alternative picture of quarkonium production presented
in Ref. [32] (after this Letter was submitted, Ref. [59]
demonstrated quantitative agreement). The lack of isolation
observed for prompt J=ψ production may be related to the
long-standing quarkonium polarization puzzle. If high-pT
J=ψ mesons are predominantly produced within parton
showers, rather than directly in parton-parton scattering,
then the observed lack of both polarization and isolation
could be explained [34]. Future related measurements of
J=ψ production in jets should help shed light on the nature
of quarkonium production [60,61].
In summary, the production of J=ψ mesons in jets is
studied using pp-collision data collected by LHCb atﬃﬃ
s
p ¼ 13 TeV in the fiducial region: pTðjetÞ > 20 GeV
and 2.5 < ηðjetÞ < 4.0; 2.0 < ηðJ=ψÞ < 4.5; and pTðμÞ >
0.5 GeV, pðμÞ > 5 GeV, and 2.0 < ηðμÞ < 4.5. The frac-
tion of the jet pT carried by the J=ψ meson is measured for
J=ψ mesons produced promptly and for those produced in
b-hadron decays. The observed distribution for J=ψ mes-
ons produced in b-hadron decays is consistent with the
PYTHIA8 prediction; however, the prompt-J=ψ results do
not agree with predictions based on fixed-order NRQCD as
implemented in PYTHIA8.
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